Signal peptidase cleavage at the C-prM junction in the flavivirus structural polyprotein is inefficient in the absence of the cytoplasmic viral protease, which catalyzes cleavage at the COOH terminus of the C protein. The signal peptidase cleavage occurs efficiently in circumstances where the C protein is deleted or if the viral protease complex is present. In this study, we used cDNA of Murray Valley encephalitis virus (MVE) to examine features of the structural polyprotein which allow this regulation of a luminal cleavage by a cytoplasmic protease. We found that the inefficiency of signal peptidase cleavage in the absence of the viral protease is not attributable solely to features of the C protein. Inhibition of cleavage still occurred when charged residues in C were mutated to uncharged residues or when an unrelated protein sequence (that of ubiquitin) was substituted for C. Also, fusion of the C protein did not inhibit processing of an alternative adjacent signal sequence. The cleavage region of the flavivirus prM translocation signal is unusually hydrophobic, and we established that altering this characteristic by making three point mutations near the signal peptidase cleavage site in MVE prM dramatically increased the extent of cleavage without requiring removal of the C protein. In addition, we demonstrated that luminal sequences downstream from the signal peptidase cleavage site contributed to the inefficiency of cleavage.
Polyprotein processing is important in the regulation of gene expression of many plus-strand RNA viruses (16, 19, 29, 41) . The production from a polyprotein of precursor and mature proteins, which may have different functional activities, can be quantitatively and temporally modulated (9, 22, 43) . This involves predominantly the alteration of cleavage specificities of virus-encoded cytoplasmic proteases. The regulation of a signal peptidase cleavage in the lumen of the endoplasmic reticulum (ER) by a cytoplasmic viral protease has been described for the processing of the structural polyprotein region of several flaviviruses (1, 23, 42) . This is intriguing since signal peptidase cleavages are generally assumed to take place rapidly, during protein translocation across the ER membrane (4) .
Flaviviruses are enveloped, positive-strand RNA viruses. The genome encodes a single polyprotein which is approximately 3,500 amino acids long and traverses the ER membrane multiple times (reviewed in reference 31). This polyprotein is cleaved to produce three structural and seven nonstructural proteins, and all but two of the necessary cleavages are catalyzed by the virus-encoded NS2B-3 protease in the cytoplasm or by signal peptidase at the luminal side of the ER membrane. The flavivirus structural proteins are encoded in the 5Ј quarter of the genome. The capsid (C) protein, at the NH 2 terminus of the polyprotein, is separated from the prM (precursor to membrane) protein by a signal sequence directing the translocation of prM. The NS2B-3 protease complex catalyzes cleavage at the COOH terminus of the C protein on the cytoplasmic side of the ER membrane. This is the only site in the structural polyprotein region which is cleaved by this enzyme. The type I transmembrane protein prM is anchored in the lipid bilayer by a COOH-terminal membrane anchor, which is immediately followed by the signal sequence for translocation of the E (envelope) protein, also a type I transmembrane protein. Thus the NH 2 termini of the prM and E proteins are generated by signal peptidase cleavages. However, it has been noted for a number of flaviviruses that when the entire structural polyprotein region is expressed from cDNA, the signal peptidasemediated cleavage at the NH 2 terminus of prM does not occur efficiently, in contrast to that at the NH 2 terminus of the E protein (23, 33, 36, 42) . This inefficient production of prM is reflected in the deficiency of secretion of the prM-E heterodimer and, in turn, the lack of immunogenicity often observed when such constructs are used for vaccination (see, for example, references 10, 11, 18, 30, and 34) .
Signal peptidase cleavage at the C-prM junction is greatly enhanced in the presence of the viral NS2B-3 protease (1, 23, 42) or when prM is expressed by using constructs which do not include the C protein-coding region (23, 42) . Furthermore, cleavage at the NH 2 terminus of prM by signal peptidase can be induced to occur posttranslationally following trypsin cleavage of the cytoplasmic C region of the C-prM precursor in crude microsomes in vitro (36) . One of us has proposed that the covalent linkage of C to prM results in the positioning of the signal sequence of prM in the ER membrane such that the signal peptidase cleavage site is maintained in a cryptic conformation (23) . In the present study we have investigated elements in the structural polyprotein region of a flavivirus, Murray Valley encephalitis virus (MVE), which allow the control of signal peptidase cleavage of prM by the viral protease.
MATERIALS AND METHODS
Site-directed mutagenesis. In vitro site-directed mutagenesis was performed by the method of Kunkel et al. (20) . DNA encompassing the target region was subcloned into M13mp19, and the recombinant phage was grown in Escherichia coli CJ236 in the presence of 0.25 g of uridine per ml to give uracil-containing single-stranded template DNA. Mutagenic oligonucleotides were phosphorylated and annealed to template DNA before second-strand synthesis with Sequenase (U.S. Biochemicals) in the presence of T4 DNA ligase as previously described (37) . E. coli TG1 cells were transformed with the reaction products, and phage progeny were screened for the desired mutation by sequence or restriction enzyme analysis. Sequences of mutagenic oligonucleotides are provided below, with pertinent restriction enzyme recognition sites in italics and mismatching nucleotides underlined.
Eukaryotic expression plasmids. MVE cDNA encompassing most of the 5Ј untranslated region and sequence encoding the NH 2 -terminal region of the polyprotein (MVE residues 1 to 1380, comprising C-prM-E-NS1-NS2A-6%NS2B) followed by 11 vector-specified amino acids is contained in pSTR (previously called pcDNA-STR [23] ). Sequence coding for most of the C protein (residues 5 to 104) is deleted from this in pSTR.⌬C (formerly pcDNA⌬C [23] ). Plasmid pNS3/T (previously pcDNA-NS3/T [24] ) contains MVE cDNA encoding the COOH-terminal region of the polyprotein (residues 1302 to 3434, equivalent to 31%NS2A-NS2B-NS3-NS4A-NS4B-NS5) with an amber termination codon at the NS3-4A junction. Schematic diagrams showing the expected topology in the ER membrane of translation products from plasmids containing MVE structural protein-coding regions are provided in Fig. 2B to 4B and 6B to 8B.
(i) pSTR charge variants. M13.C anch , a construct for use as a mutagenesis template, was created by subcloning from pSTR into M13mp19 a 521-bp HindIII fragment containing MVE cDNA encoding C anch (anchored C, composed of the C protein and the adjacent prM translocation signal). Site-directed mutagenesis was performed to alter codons for charged residues in the C protein. In some cases, recombinant phage carrying introduced mutations were grown in E. coli CJ236 in the presence of uridine to generate template DNA for further mutagenesis. Fragments containing appropriate combinations of mutations were substituted for the original coding sequence in pSTR. Oligonucleotide 203 (5Ј-C GAC CTG GGG CTG CCC G-3Ј) introduced the changes Lys 10 3Gln and Arg 12 3Gln; 204 (5Ј-T TTG TTG TTG GCC CTG TTG GTT CAC C-3Ј) -CC ACC TCT TTG TTG TTG TTT TTT  GC-3Ј) gave Lys  103 3Gln and Lys  104 3Gln; and 208 (5Ј-TTT CTT TTG TGT  TGT GCC ACT TGT GTT CAC CAC-3Ј) gave Lys 97 3Thr, Arg 98 3Ser, Lys 100 3Thr, and Lys 101 3Thr. Combinations of changes incorporated into particular constructs are illustrated in Fig. 1 .
(ii) pSTR.Ub and pSTR.UbmutV. A SacII site was introduced at the 5Ј end of DNA corresponding to the MVE prM translocation signal by using oligonucleotide 218 (5Ј-TC ACT GCC ACC GCG GCG CTT TTG TTT TTT GC-3Ј) for site-directed mutagenesis of M13.C anch . Sequence containing the ubiquitin gene was obtained as a 0.2-kb EcoRI-SacII fragment from pRB269 (3). This fragment was inserted in place of the MVE C coding region in the M13 mutagenesis intermediate. The resulting ubiquitin-prM signal fusion sequence was transferred into pSTR as a HindIII fragment (replacing the 521-bp fragment containing the MVE C gene), giving pSTR.Ub. This construct encodes ubiquitin (76 amino acids) fused to the MVE prM-E-NS1-NS2A-6%NS2B sequence, with Gly residues at positions 75 and 76 doubling as the last two residues of the ubiquitin sequence and the first two residues of the prM translocation signal. A related construct, pSTR.UbmutV, was obtained by using oligonucleotide 219 (5Ј-GGA TGT TTC ACT GAC ACC GCG GAG-3Ј) to change the codon corresponding to Gly 76 of ubiquitin to Val before exchanging the HindIII fragment into pSTR. (iii) pSFV⌬E3.MVE-C. The MVE C gene was amplified by PCR from plasmid 2/1/22 (8) with oligonucleotide 211 (5Ј-ATT AGA TCT GCG TGA GCT TCC-3Ј), which contains a BglII site and sequence in the MVE 5Ј untranslated region, and oligonucleotide 212 (5Ј-CT GGA TCC TCT TTT CTT TTG T-3Ј), which is composed of a BamHI site and sequence complementary to the 3Ј end of the MVE C gene. The PCR product was cut with BglII and BamHI and ligated into the BamHI site in the eukaryotic expression vector pcDNA1 (Invitrogen). DNA encoding the structural proteins of Semliki Forest virus (SFV) with the E3 protein-coding sequence replaced by an artificial cleavable translocation signal (25) was digested with BamHI, and a fragment corresponding to the artificial translocation signal-E2-6K-E1 was ligated into the BamHI site downstream of the MVE C protein gene. After failure to detect E1 protein of the expected size among proteins expressed from this construct, the HindIII-EcoRI fragment encoding the MVE C/SFV E2 region was used to replace the corresponding sequence (encoding SFV C-artificial signal-E2) in an alternative SFV⌬E3 simian virus 40-based expression plasmid (25) (referred to here as pSFV⌬E3), generating pSFV⌬E3.MVE-C. This plasmid thus contains coding sequence for the 105 amino acids of the MVE C protein, fused in frame to sequence encoding 20 residues of an artificial cleavable signal sequence followed by the E2-6K-E1 polyprotein of SFV.
(iv) pSTR.mutPQAQA. With M13.C anch as a template, oligonucleotide 213 (5Ј-G CTT TAA GGC TTG GGC TTG TGG AAT CAG CAT GAA-3Ј) was used to alter the region coding for the COOH-terminal amino acids of the prM translocation signal so that the sequence Gly-Phe-Ala-Ala-Ala was replaced with Pro-Gln-Ala-Gln-Ala. The mutated HindIII fragment was ligated in place of the corresponding region in pSTR to give pSTR.mutPQAQA.
(v) pC anch -E. A 1,975-bp region of pSTR encompassing the cDNA encoding MVE C, prM, and the NH 2 -terminal two-thirds of E was transferred as a PstI fragment into M13mp19. This construct was mutagenized with oligonucleotide 220 (5Ј-G CTT TAA GGC CGC GGC AAA TCC-3Ј) to introduce a silent SacII recognition site at the COOH-terminal end of the translocation signal for prM and oligonucleotide 221 (5Ј-CAG ACA GTT AAA AGC CGC GGC AGG AGC-3Ј) to introduce a SacII site and accompanying codon changes TyrSer3Ala-Ala immediately before the E gene. The 488-bp PstI-SacII fragment (containing coding sequence for C anch ) and the 968-bp SacII-PstI fragment (encompassing the 5Ј two-thirds of the E gene) were then substituted for the region between the corresponding PstI sites in pSTR to yield pC anch -E. This construct thus encodes the MVE C protein and translocation signal for prM (MVE residues 1 to 125) fused directly to the MVE E-NS1-NS2A-6%NS2B sequence (MVE residues 293 to 1380) at the first residue of the MVE E protein. (24).
Metabolic labelling, lysis, immunoprecipitation, electrophoresis, and fluorography. Two days after transfection, cell monolayers were washed twice with phosphate-buffered saline and starved in methionine-and cysteine-free medium for 0.5 to 1 h. The cells were metabolically labelled by incubation for 0.5 to 3 h with 0.25 to 1 ml of the above medium containing a mixture of L-[
35 S]methionine and L-[
35 S]cysteine (Amersham or Du Pont) at 100 to 500 Ci/ml. Dishes of labelled cells were placed on ice and washed with phosphatebuffered saline. Monolayers were solubilized by incubation on ice for 10 to 30 min in 0.5 ml of NP-40 lysis buffer (1% Nonidet P-40, 50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 2 mM EDTA) containing 20 g of phenylmethylsulfonyl fluoride per ml. Nuclei were removed by centrifugation, and the lysates were precleared by incubation for 2 to 3 h with protein A-Sepharose CL-4B (Pharmacia). The lysates were subjected to immunoprecipitation by incubation (usually overnight) with antibodies as detailed in the figure legends, and immune complexes were collected with protein A-Sepharose CL-4B. After being washed twice with buffer A (0.2% Nonidet P-40, 10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 2 mM EDTA), twice with buffer B (0.2% Nonidet P-40, 10 mM Tris-HCl [pH 7.5], 500 mM NaCl, 2 mM EDTA), and once with buffer C (10 mM Tris-HCl [pH 7.5]), the immunoprecipitated proteins were denatured in SDS sample buffer (2% sodium dodecyl sulfate [SDS], 100 mM Tris-HCl [pH 8.8], 10% glycerol, 2.5 mM EDTA, 0.01% bromophenol blue) which contained 5% ␤-mercaptoethanol unless otherwise indicated in the figure legends. The samples were heated at 90°C for 2 to 3 min and subjected to SDS-polyacrylamide gel electrophoresis (PAGE) through discontinuous polyacrylamide gels. After fixation in 20% acetic acid, the gels were rinsed and then impregnated for fluorography by being soaked in 1 M sodium salicylate. Dried gels were exposed to Kodak X-Omat AR film at Ϫ70°C.
RESULTS
Influence of basic residues in the C protein on signal peptidase cleavage of prM. We have proposed that a structural feature of the flavivirus C protein, possibly its large positive charge, might influence the position of the attached prM signal sequence within the ER membrane and hence maintain the cleavage site of the signal peptide in a position that is inaccessible to the active site of signal peptidase (23) . The MVE C protein contains 27 positively charged (Arg or Lys) and only 3 negatively charged (Asp or Glu) residues (8) . To test the influence of the highly charged nature of the C protein on processing at the prM signal peptidase site, we replaced up to 11 basic residues in the NH 2 -and COOH-terminal ends of the C protein with uncharged polar amino acids (Fig. 1) .
C protein charge variants were expressed in the context of the MVE structural polyprotein region by transient transfection of COS-7 cells. Transfected cells were pulse-labelled, and the MVE proteins were immunoprecipitated and analyzed by SDS-PAGE and fluorography to assess the efficiency of processing at the C-prM junction (Fig. 2) . As is the case for transfection with unmutated MVE cDNA (pSTR; Fig. 2A, lane 1) , the production of prM was very inefficient following transfection with each of the mutated C protein constructs (lanes 2 to 4). In each instance, and as described previously for pSTR (23) , production of prM was greatly enhanced when the viral NS2B-3 protease was provided in trans by cotransfection with pNS3/T (lanes 5 to 8) to induce cleavage at the COOH terminus of the C protein. The control experiment (lane 9) ensured that no protein of similar size was detectable as a direct result of pNS3/T transfection. Although authentic signal peptidase cleavage of prM generated from the C protein charge variant constructs was not verified by NH 2 -terminal sequence analysis VOL. 72, 1998 SIGNAL PEPTIDASE CLEAVAGE OF FLAVIVIRUS C-prM 2143 of prM, this protein had SDS-PAGE mobility identical to that of prM from virus-infected cells or recombinant prM (36) , which has previously been isolated and subjected to NH 2 -terminal sequencing (data not shown). We have observed that after removal of the N-linked glycans with endoglycosidase H, this cleaved prM migrates faster during SDS-PAGE (12% polyacrylamide) than does a signal sequence-containing form of prM generated by in vitro translation (data not shown). Therefore, we conclude that the observed prM in Fig. 2 (and subsequent figures) no longer retains the 20-residue translocation signal. A putative C-prM precursor was seen during expression of the MVE structural polyprotein region, with or without the C protein charge mutations, which disappeared when the viral NS2B-3 protease was coexpressed (Fig. 2) . Consistent with its identification as uncleaved C-prM, this polypeptide had an estimated size of about 34 kDa and was glycosylated (data not shown). Also, by using antiserum raised against a fusion peptide including the NH 2 -terminal 16 amino acids of C, this band was observed among proteins immunoprecipitated from cells transfected with pSTR, pSTR.Cmut2aa, and pSTR.Cmut4aa but not pSTR.Cmut11aa, which contains 4 amino acid substitutions in the region encompassed by the peptide (data not shown).
These results demonstrate that significant changes can be made to the charge profile of the C protein (and thus presumably also to its conformation) without reducing its inhibitory influence on signal peptidase cleavage at the C-prM junction in the absence of NS2B-3.
Influence of cytoplasmic NH 2 -terminal sequences on signal peptidase cleavage of prM. The upstream presence of the MVE C protein inhibits signal peptidase cleavage of the adjacent prM translocation signal (1, 23, 36, 42) . To examine whether this inhibition is due to sequence-specific features of the C protein, we engineered cDNAs encoding ubiquitin fused to the NH 2 terminus of the prM signal sequence (Fig. 3) .
Ubiquitin is a small cytoplasmic protein whose COOH terminus contains a site which is cleaved in eukaryotic cells by ubiquitin-specific proteases (2). This site was left intact in plasmid pSTR.Ub and was destroyed in pSTR.UbmutV by mutating the COOH-terminal Gly 76 of the ubiquitin sequence to Val so as to inhibit cleavage by the cellular enzymes (17) . Transient expression of the two ubiquitin fusion constructs in COS cells revealed that the foreign polypeptide covalently attached upstream of the signal sequence of prM could, like the C protein, significantly inhibit signal peptidase cleavage of prM (Fig. 3) . Very little prM was immunoprecipitated from cells transfected with pSTR.UbmutV (Fig. 3A, lane 1) , whereas prM was readily detected in cells transfected with pSTR.Ub, where ubiquitin is expected to be rapidly removed from the NH 2 -terminus of the prM signal sequence by the ubiquitinspecific proteases (lane 2). Detection (in shorter exposures of the fluorograph) of similar amounts of MVE E protein in each case confirmed that the observed difference was not due to reduced polyprotein synthesis from the mutant construct. Ubiquitin (predicted size, about 8 kDa) was detected by immunoprecipitation with ubiquitin-specific antiserum from cells transfected with pSTR.Ub (lane 5), whereas higher-molecular-weight products which probably correspond to uncleaved ubiquitin(Val 76 )-prM were seen in cells transfected with pSTR.UbmutV (lane 4). Lanes 3 and 6 show that none of these bands were immunoprecipitated by either the MVE-or the ubiquitin-specific antisera from cells transfected with a control plasmid. It is interesting that uncleaved ubiquitin-prM was not observed among the products of immunoprecipitation with anti-MVE mouse ascitic fluid (lane 1) when the same antibody preparation does seem to precipitate a C-prM precursor ( Fig. 2A, lanes 1 to 4) . This may be due to a difference between these fusion proteins in complex formation with the E protein.
The data described so far demonstrate the significance of the presence of a cytoplasmic, NH 2 -terminal polypeptide for con- trol of prM cleavage by signal peptidase. However, a structurally distinct protein can replace the flavivirus C protein in this function. Cytoplasmic fusion of the MVE C protein to an idealized signal sequence. To examine whether the efficiency of cleavage of a different signal peptide would be altered by COOHterminal fusion to the MVE C protein, we used plasmid pSFV⌬E3.MVE-C. This construct encodes the MVE C protein upstream of an artificial signal sequence, which was designed to be cleavable by signal peptidase (25), followed by the envelope proteins E2 and E1 of SFV. SFV E2 and E1 were separated, as in the viral polyprotein, by the 6,000-molecularweight (6K) region (Fig. 4B) . Figure 4 shows that the NH 2 -terminal addition of the MVE C protein did not reduce the efficiency of cleavage of the idealized signal sequence and hence did not reduce the production of the adjacent E2 protein in transiently transfected COS cells. There was no detectable difference in the ratio of the SFV envelope proteins E1 and E2 produced between this construct (lane 1) and a control plasmid, pSFV⌬E3 (25) , encoding the autocatalytically removed SFV capsid protein upstream of the ideal signal sequence (lane 3). In both constructs, the NH 2 terminus of E1 is generated by cleavage of the authentic E1 signal sequence. Coexpression of the MVE NS2B-3 protease did not increase the production of SFV E2 from pSFV⌬E3.MVE-C (lane 2). E1 and E2 were not immunoprecipitated from lysates of cells transfected only with pNS3/T (lane 4). Although not contradicting a model involving C protein-mediated control of the accessibility of the prM signal peptidase site, this result demonstrates that the presence of the MVE C protein is not by itself sufficient to inhibit the processing of an adjacent signal sequence and that therefore some features of the signal sequence and/or prM must also contribute to the inefficiency of processing observed for MVE C-prM in the absence of the NS2B-3 protease.
The cleavage region of the prM signal sequence is important in the regulated production of prM. The MVE prM signal sequence (Fig. 5) conforms to the requirements predicted to be of importance for translocation and signal peptidase processing (reviewed in reference 40). It contains basic residues in the NH 2 -terminal region (n-region), which may determine the orientation of insertion of the peptide into the membrane, a hydrophobic core (h-region) composed of a stretch of hydrophobic residues uninterrupted by charged or polar amino acids, and a COOH-terminal cleavage domain (c-region), which, although relatively hydrophobic, is consistent with the "(Ϫ3,Ϫ1) rule," which dictates that for signal peptidase recognition the residue in position Ϫ1 with respect to the cleavage site must be small and the residue in position Ϫ3 must not be aromatic, charged, or large and polar. Cleavage-potential scores determined by a computer program (written by Mantei [15] ) based on the weight-matrix algorithm of von Heijne (39) show a maximum of 7.75 at the experimentally determined NH 2 terminus of prM, which is within the range of scores characteristic of known signal sequences (typical scores at known cleavage sites are between 5 and 12, with only 2% of a sample of 161 signal sequences having a maximum score less than 3.5 [39] ). Although all flavivirus prM signal sequences fit this general pattern, they show considerable heterogeneity in both the length and sequence of the h-region and in the sequence of the c-region (Fig. 5) . One feature which is generally apparent, however, and which is not characteristic of "typical" signal sequences (40) is a lack of polar residues in the c-region.
To increase the polar nature of the MVE prM signal cregion, we replaced Gly, Phe, and Ala at positions Ϫ5, Ϫ4, and Ϫ2 (from the signal peptidase cleavage site) with Pro, Gln, and (38) , Kunjin virus (KUN) (7), tick-borne encephalitis virus (TBE) (26) , dengue virus type 2 (DEN2) (13) and West Nile virus (WN) (6) . Large arrows indicate sites of cleavage by the viral NS2B-3 protease complex and signal peptidase. Small arrows show sites at which cleavage potential scores based on the algorithm of von Heijne (39) are greater than an arbitrary value of 4. Positively (ϩ) and negatively (Ϫ) charged amino acid residues are labelled.
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Gln, respectively. This mutation increased the theoretical cleavage score to 10.58 without introducing predicted alternative cleavage sites. Transient expression in COS cells of the MVE structural polyprotein region from a plasmid containing these point mutations (pSTR.mutPQAQA) (Fig. 6A, lane 2) resulted in the efficient production of prM (seen as a doublet due to carbohydrate modifications during the long labelling period [23] ) at levels much higher than those observed from the unmutated construct (pSTR, lane 1) and comparable to those seen with construct pSTR.⌬C, in which the C proteincoding region is deleted (lane 3). Furthermore, coexpression of the flavivirus protease during transient transfections did not further enhance the production of prM from pSTR.mutPQA QA (data not shown).
Influence of the downstream protein on processing at the prM signal peptidase site. To examine whether it was possible to use the C protein-prM signal sequence to impose regulation of signal peptidase cleavage on a protein other than prM, we engineered fusion constructs with C anch (C protein plus the signal sequence for prM) upstream of the NH 2 termini of the MVE E protein or the mouse MHC class I K d molecule (H-2K d ), replacing the natural signal peptides. Both E and H-2K d are type I transmembrane proteins, and cleavage at their native signal peptidase sites is thought to occur cotranslationally. We transfected COS cells with pC anch -E (encoding the C anch -E fusion protein) or pSTR (in which E is preceded by its native signal) and performed immunoprecipitations with a monoclonal antibody which recognizes the MVE E protein (M2-8E7 [14] ) to avoid precipitating NS1, which migrates to a nearby position during SDS-PAGE. Figure 7 shows that during expression of the C anch -E fusion protein, the amount of E immunoprecipitated from lysates was significantly reduced in comparison with that seen in cells transfected with pSTR (Fig.  7A, compare lane 1 with lanes 3 and 4) . Expression of the C anch -E fusion construct also resulted in the appearance of a band with an apparent size some 11 to 12 kDa greater than that of the E protein. This protein was also immunoprecipitated by antiserum raised against the NH 2 terminus of the MVE C protein (data not shown) and is presumably a membraneinserted but uncleaved C anch -E fusion. When the viral NS2B-3 protease was coexpressed with this construct, the amount of the putative fusion protein was greatly reduced and there was a parallel increase in the amount of E protein detected (lane 2).
These observations demonstrate that the control mediated by C anch over prM production could be transferred to a second type I transmembrane protein when it was COOH-terminally fused to C anch . However, this was not a general phenomenon. Expression of the C anch -K d fusion construct in transfected COS cells revealed little inhibitory influence of C anch on the signal peptidase cleavage required to produce H-2K d (Fig. 8) . (compare lane 3 with lane 2) and did not contribute any nonspecific immunoprecipitation products (lane 6).
By using the algorithm of von Heijne (39), an alternative site for signal peptidase cleavage was predicted to occur in the C anch -K d fusion construct following a Pro 2 residues past the authentic cleavage site of H-2K d . Additionally, studies with engineered mutants of pro-sucrase-isomaltase indicate that Pro at position ϩ2 downstream of a signal peptidase cleavage site might be beneficial for cleavage (15) . Therefore, we engi- To establish that the similarity in the amounts of H-2K d detected from the lysates in Fig. 8 in the presence and absence of the viral protease was not due to saturating amounts of antigen, we performed a second round of immunoprecipitation. Ratios of the amounts of protein collected from each of the lysates were similar to those seen in the initial immunoprecipitation, and for each lysate the radioactivity precipitated in the second round was only 30 to 40% of that collected in the first round (data not shown). We also used the addition of further protein A-Sepharose beads after the initial immunoprecipitation to confirm that the quantity of beads used for the collection of immune complexes was not limiting the amount of H-2K d recovered. This suggests that similar amounts of H-2K d were indeed produced from these constructs in the presence and absence of pNS3/T.
These results demonstrate that in addition to the requirement for covalently linked NH 2 -terminal cytoplasmic polypeptide and the structure of the c-region of the prM signal sequence, luminal sequences downstream of the signal peptidase cleavage site also play a role in maintaining the dependence of efficient cleavage at this site on the presence of the viral protease.
DISCUSSION
Signal peptidase processing at the NH 2 terminus of prM during expression of the structural region of the MVE polyprotein is greatly increased in the presence of the viral protease NS2B-3, which cleaves at the COOH terminus of the C protein (1, 23, 42) . The conversion of a signal peptidase cleavage site from a cryptic to an accessible conformation during the synthesis of a viral protein is a previously unrecognized mechanism for polyprotein processing-mediated regulation of viral gene expression. Here we have investigated elements in the structural polyprotein region of MVE which are important for maintenance of the control mediated by the cytoplasmic viral protease over luminal cleavage at the C-prM junction.
The finding that removal of the C protein from the signal sequence of prM by enzymatic cleavage or deletion mutagenesis greatly enhanced the production of prM (1, 23, 36, 42) was consistent with a model proposing a pronounced influence of the C protein on the maintenance of the signal peptidase site of prM in a cryptic conformation. Here we have demonstrated that this effect is not a consequence of the large number of positively charged amino acids or other sequence-specific features of the flavivirus C protein but that it is dependent only on the linkage of an NH 2 -terminal cytoplasmic polypeptide to the signal sequence of prM. We observed that replacement of as many as 11 of 27 positively charged amino acids in the MVE C protein with uncharged residues did not influence the dependence of efficient prM cleavage on the presence of the viral protease complex. Furthermore, replacement of the C protein in the MVE structural polyprotein region with the small cytoplasmic protein ubiquitin (after modification of the COOH terminus of the protein to inhibit ubiquitin-specific protease cleavage) did not markedly improve the efficiency of signal peptidase processing of prM. Finally, we could not transpose signal peptidase cleavage inhibition to an unrelated type I transmembrane protein, the E2 protein of SFV, by inserting the MVE C protein NH 2 terminally to an idealized signal sequence.
The internal location of the prM signal sequence per se cannot account for the inefficiency of cleavage at the NH 2 terminus of prM, since other internal signal sequences (preceding the E and NS1 proteins) in the flavivirus structural polyprotein are efficiently processed. Since we could rule out a general inhibitory effect of the MVE C protein on signal peptidase processing at sites located downstream of C, we predicted that structural elements in the prM signal sequence also contribute to the prevention of cotranslational processing. Cleavable signal sequences typically consist of three domains: a positively charged n-region, 1 to 5 amino acids in length; a membrane-spanning h-region, consisting of 7 to 15 hydrophobic amino acids; and a c-region, 3 to 7 residues long, characterized by the presence of residues conforming to the "(Ϫ3,Ϫ1) rule" for signal peptidase recognition and enriched in residues with polar side chains (40) . The presence of amino acids with ␣-helix-breaking properties, such as proline or glycine, at the start of the c-region may also be important for proper cleavage (28) . In cases where a potential cleavage site exists, the length of the h-region appears to be the dominant factor which determines the transition between a cleavable signal sequence and a signal peptide-membrane anchor (27) . In the MVE prM signal sequence, this hydrophobic stretch preceding the c-region is about 9 amino acids long (Fig. 5) , which conforms well with the characteristics of cleavable signal sequences. However, the c-region is also deficient in amino acids with polar side chains, resulting in a stretch of hydrophobic amino acids which is much longer than the core necessary for translocation (up to 15 amino acids if the Leu residue beyond the cleavage site is included and 17 amino acids if the uncharged but polar residues toward the NH 2 -terminal side of the membrane are also counted). One could therefore envisage that the h-and nonpolar c-regions of the MVE prM signal sequence are, in combination, of the critical length and hydrophobicity to function as a membrane anchor with the potential cleavage site buried in the membrane when the preceding C protein is covalently attached. Removal of the cytoplasmic domain would allow the signal sequence sufficient freedom of movement to permit the interaction of the cleavage site with the active site of signal peptidase. This proposition was supported experimentally by using a mutant in which the c-region of the MVE prM signal sequence was changed from Gly-PheAla-Ala-Ala to Pro-Gln-Ala-Gln-Ala, a sequence which would not be readily accommodated in the membrane. This optimization of the c-region for signal peptidase processing resulted in greatly improved cleavage of the prM signal sequence. Importantly, processing of the C protein by the flavivirus NS2B-3 protease did not further enhance cleavage by signal peptidase of this mutated signal sequence, demonstrating that these three point mutations could overcome the dependence of the proteolytic processing of prM on the cytoplasmic protease.
The scarcity of amino acids with polar side chains in the c-region of the prM signal sequence is a conserved feature of flaviviruses (Fig. 5) . We therefore suggest that the control over processing at the C-prM junction noted during expression of the structural polyprotein region of several flaviviruses is mediated by a common mechanism which involves the conserved hydrophobic nature of the c-region and the internal location of the prM signal sequence. In support of the generality of this mechanism for the regulation of flavivirus structural gene expression, we have recently observed that replacement of the c-region residues Leu-Leu-Met-Thr-Gly-Gly by Val-Pro-GlnAla-Gln-Ala in the yellow fever virus prM signal sequence also significantly enhanced signal peptidase cleavage (35a) .
We also noted an influence of different type I transmembrane proteins on cleavage at the prM signal peptidase site when such proteins were fused downstream of MVE C anch (i.e., the C protein plus signal sequence for prM). C anch linked to the NH 2 terminus of the MVE E protein was inefficiently cleaved by signal peptidase, and the extent of cleavage was increased by provision of the NS2B-3 protease complex, akin to the proteolytic processing events at the authentic C-prM junction. In contrast, replacement of the natural signal sequence of the MHC class I molecule H-2K d by C anch resulted in little apparent reduction of signal peptidase cleavage or detectable effect from the presence of the viral protease. We did not investigate the characteristics of the two type I transmembrane proteins that could account for these differences. However, it is interesting that folding and assembly of MHC class I glycoproteins involves transient interaction with a host of ER resident proteins, including immunoglobulin binding protein, gp96, calnexin, the transporter associated with antigen processing, calreticulin, and tapasin (reviewed in reference 35). Similar to models which implicate luminal binding of molecular chaperones in unidirectional protein translocation (5, 12) , interactions of the translocated MHC class I glycoprotein with ER-resident proteins could influence slippage of the signal peptide in the lipid bilayer and/or the accessibility of the signal peptidase site so that rapid cleavage occurs.
The conservation among flaviviruses of the controlled nature of the prM signal peptidase cleavage during proteolytic processing of the structural polyprotein region implies functional significance for this regulation in flavivirus replication. One of the aims of this work was to identify elements in the flavivirus C-prM region which could be subjected to mutagenesis in order to overcome the controlled order of cleavages at the C-prM junction. The finding that a combination of only three amino acid substitutions could override the influence of the C protein on the signal peptidase cleavage of prM is suggestive of selective pressure against such sequences. These small changes in the prM signal sequence are well suited to insertion into a full-length flavivirus cDNA clone, allowing investigation of the biological function of the control of signal peptidase processing of prM by a cytoplasmic protease.
